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The tobacco etch potyviral protein, HC-Pro, is a multifunctional proteinase required for long-distance movement in plants
and maintenance of genome replication at the single-cell level. It also functions in a counterdefensive capacity as a
suppressor of posttranscriptional gene silencing (PTGS). To determine whether the requirements for HC-Pro during long
distance movement and replication maintenance are due to the silencing suppressor function of the protein, a series of
HC-Pro alanine scanning and other site-directed mutants were analyzed. Using a transient silencing suppression assay in
Agrobacterium-injected leaf tissue, several suppression-defective mutants were identified. Each of six HC-Pro mutations,
which were shown previously to confer long-distance movement and replication maintenance defects, conferred PTGS
suppression defects. Interestingly, the genes encoding these defective HC-Pro derivatives were themselves susceptible
targets of PTGS, resulting in low levels of mRNA and protein accumulation. Mutations that inactivated the proteinase domain
active site had no effect on PTGS suppression function. The results are consistent with the hypothesis that the role of HC-Pro
in long-distance movement and genome replication depends on PTGS suppression function and that this function is
independent of HC-Pro proteolytic activity. © 2001 Academic Press
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aINTRODUCTION
Plant viruses encode several types of proteins that
enable systemic movement throughout a given host.
Many of these proteins facilitate cell-to-cell movement
through plasmodesmata (Lazarowitz and Beachy, 1999).
Others are required specifically for long-distance move-
ment through the phloem (Nelson and vanBel, 1998).
Despite considerable research into the nature of these
factors, relatively few of the key virus–host interactions
that occur during the movement process are understood
well at the mechanistic level.
The potyviruses, such as tobacco etch virus (TEV),
encode a protein, HC-Pro, that is necessary for polypro-
tein processing (Carrington et al., 1989a), long-distance
movement (Cronin et al., 1995; Kasschau et al., 1997;
lein et al., 1994), and maintenance of genome replica-
ion at the single-cell level (Kasschau et al., 1997). The
C-Pro protein also enhances the severity of symptoms
nd level of accumulation of heterologous viruses (Pruss
t al., 1997). The C-terminal region of HC-Pro is a cis-
ctive, cysteine-type proteinase (Carrington et al.,
989a,b). Excision of HC-Pro from the TEV polyprotein
equires two autoproteolytic events, one by HC-Pro at the
-terminus and one by the adjacent P1 protein at the
-terminus (Verchot et al., 1991). Proteolytic activity of
oth P1 and HC-Pro is required for TEV viability (Kass-i
s
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 509-335-2482. E-mail: carrington@wsu.edu.
71hau and Carrington, 1995; Verchot and Carrington,
995). The N-terminal 88 amino acid residues of TEV
C-Pro are dispensable for systemic infection, as dele-
ion mutants lacking this region can move systemically at
he same rate as wild-type virus (Dolja et al., 1993). The
entral region of HC-Pro, defined as the sequence be-
ween amino acid position 89 and the beginning of the
roteinase domain, affects both long-distance movement
nd replication-maintenance functions (Cronin et al.,
995; Kasschau et al., 1997). Several TEV alanine-scan-
ing mutants with substitutions in this region exhibit an
nfection phenotype with two distinguishing characteris-
ics. First, they are defective in moving long distances
hrough the phloem, although each is capable of cell-to-
ell movement in inoculated leaves. Second, they exhibit
premature shut off of genome amplification in inocu-
ated protoplasts (Kasschau et al., 1997).
A set of recent findings led to the hypothesis that the
ole of HC-Pro in long-distance movement and mainte-
ance of genome amplification is an indirect conse-
uence of the role of HC-Pro as a suppressor of post-
ranscriptional gene silencing (PTGS). When introduced
nto plants through a transgene, a virus vector, or a
ransient expression plasmid, HC-Pro suppresses PTGS
f a transgene reporter (Anandalakshmi et al., 1998;
rigneti et al., 1998; Kasschau and Carrington, 1998).
uppression of silencing occurs in a cell- or tissue-
utonomous manner at a point downstream from PTGSnitiation and at a step that does not require systemic
ignaling (Llave et al., 2000). Several RNA and DNA
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72 KASSCHAU AND CARRINGTONviruses are now known to encode PTGS suppressors, al-
though they may function through distinct mechanisms
(Voinnet et al., 1999). The expression of silencing suppres-
ors by plant viruses appears to represent a counterdefen-
ive strategy that evolved in response to PTGS-like plant
efense mechanisms induced by virus infection.
In this study, a transient expression system was used to
ssay PTGS suppression activity of mutagenized HC-Pro
erivatives, which contained a series of alanine scanning
nd point mutations affecting specific domains or active
ite residues. The results support the hypothesis that the
ong-distance movement and replication maintenance func-
ions of HC-Pro are due to silencing suppression activity.
hey also indicate that silencing suppression function is
ndependent of the HC-Pro proteolytic activity.
RESULTS
The transient silencing suppression system
An Agrobacterium-based delivery system was
adapted to introduce 35S promoter-driven expression
cassettes into leaf tissue of nontransgenic or transgenic
tobacco plants (English et al., 1997; Vaucheret, 1994). The
ransient silencing suppression assay takes advantage
f the fact that introduction of TEV P1/HC-Pro into cells
ontaining a posttranscriptionally silenced reporter gene
s sufficient to partially inactivate silencing, allowing ex-
ression of a homologous, cointroduced reporter gene
Llave et al., 2000). The fact that a posttranscriptionally
ilenced gene can be partially reactivated was inter-
reted to mean that P1/HC-Pro affects one or more steps
equired for maintenance of silencing. The construct
ncoding the silencing suppressor, HC-Pro, was ex-
ressed as a polyprotein that undergoes autoproteolytic
rocessing to yield mature P1 and HC-Pro proteins
Kasschau and Carrington, 1998; Kasschau et al., 1997).
utoproteolysis is catalyzed by the P1 proteinase at the
-terminus, and the HC-Pro proteinase at the C-termi-
us, of HC-Pro. Expression of HC-Pro from within the
olyprotein context ensures that HC-Pro has no extrane-
us amino acid residues at either terminus. Further, the
ilencing suppression function of HC-Pro is enhanced in
he presence of P1 protein in the transient assay (L. K.
ohansen and J. C. Carrington, unpublished data).
Agrobacterium strains with either a single expression
assette containing the 35S-GUS gene or dual expres-
ion cassettes containing both the 35S-GUS gene and
he 35S-P1/HC-Pro genes were injected into leaves of
ontransgenic (line 13) or transgenic (line 7) plants con-
aining a silenced, nontranslatable GUS gene. The non-
ranslatable GUS transgene contained a frameshift/non-
ense mutation after the third codon (Kasschau and
arrington, 1998). Using the in situ histochemical assay,
US activity was detected within the injection zone of
ontransgenic leaves infiltrated with Agrobacterium con-
aining the single and dual expression cassettes (Fig.
c
sB). In contrast, GUS activity in the silenced plants (line 7)
as detected only after injection of Agrobacterium contain-
ng the dual expression cassette (Fig. 1B). As shown pre-
iously (Kasschau and Carrington, 1998; Llave et al., 2000),
the lack of activity in line 7 plants injected with the single
GUS expression cassette was due to PTGS, whereas ac-
tivity in line 7 plants containing the dual expression cas-
sette was the result of silencing suppression that allowed
expression of the reporter gene.
To identify the optimal time to monitor PTGS suppres-
sion in the transient injection system, a time-course
analysis was done. Apposing half leaves of nontrans-
genic line 13 and transgenic line 7 plants were injected
with combinations of Agrobacterium containing empty
vector, single GUS, and dual GUS 1 P1/HC-Pro expres-
ion vectors. Leaves were collected at 12, 24, 48, 72, and
6 h postinjection (h.p.i.) and infiltrated with the GUS
istochemical substrate. GUS activity was detected at
2 h.p.i. in the nontransgenic plants injected with strains
FIG. 1. Mutants and transient PTGS suppression strategy. (A) Dia-
gram of HC-Pro. Regions shown previously to be necessary for long-
distance movement and genome replication are indicated. The protein-
ase domain is indicated by the thick bar. Positions affected by alanine-
scanning mutations (AS 3, 4, 8, 9, 10, 13, 20, 23, and 24) are indicated
below the map, while site-directed mutations affecting positions in the
proteinase domain (S610T, C649S, C694S, D715E, and H722S) are
indicated above the map. Active site residues in the proteinase are
indicated by asterisks (*). The HC-Pro autoproteolytic cleavage site at
the C-terminus is shown. (B) Transient silencing suppression assay.
Nontransgenic or GUS-silenced transgenic plants were injected with
Agrobacterium cultures containing plasmids with a single GUS gene or
dual GUS 1 P1/HC-Pro gene combination. Leaves were infiltrated after
4 days with a GUS histochemical substrate. Suppression of silencing is
indicated by expression of GUS activity (blue color reaction).ontaining either the single or the dual expression cas-
ettes (Fig. 2, column C). The intensity of staining
n
A
g
73SILENCING SUPPRESSION BY HC-Proreached a maximum at 48 h.p.i. and remained relatively
constant through the 96-h time point. In the silenced line
7 plants, no GUS activity was detected after injection
with the single GUS expression cassette at any time
point examined (Fig. 2, column A). However, GUS activity
was detected at 48 h.p.i. and later time points using the
dual expression construct in the silenced plants (Fig. 2,
column B). All subsequent experiments to test silencing
suppression activity of wild-type or mutant P1/HC-Pro
were done using leaves harvested at 96 h.p.i.
Effect of HC-Pro alanine-scanning mutations on
silencing suppression
FIG. 2. Time course of PTGS suppression by HC-Pro. Half-leaves of
ontransgenic or GUS-silenced transgenic plants were injected with
grobacterium cultures containing empty vector or plasmids with sin-
le GUS or dual GUS 1 P1/HC-Pro genes. Leaves were harvested at
12, 24, 48, 72, and 96 h postinjection and infiltrated with the GUS
histochemical substrate.The transient silencing suppression system was used
to determine whether the requirements for HC-Pro dur-ing virus long-distance movement in plants and mainte-
nance of genome replication correlate with PTGS sup-
pression function of the protein. A series of HC-Pro
alanine-scanning mutations, previously introduced at
FIG. 3. Effects of alanine-scanning mutations on PTGS suppression
activity of HC-Pro. Half-leaves of nontransgenic or GUS-silenced trans-
genic plants were injected with Agrobacterium cultures containing
plasmids with either a single GUS gene, dual GUS 1 wild-type (wt)
HC-Pro gene, or dual GUS 1 AS mutant (mut) HC-Pro gene. Leaves
were harvested at 4 days postinjection and infiltrated with GUS histo-
chemical substrate. The number of GUS-positive reactions/total num-
ber of injections for each combination is shown next to each half-leaf.
eo
74 KASSCHAU AND CARRINGTONcodons for clusters of charged residues and analyzed for
T
Summary of HC-Pro A
HC-Pro
TEV infection phenotypea
Proteinase
activityGenome amplif. LD movement
wt 11 11 11
Similar to wt
AS 4 11 11 11
AS 8 11 11 11
AS 24 11 11 11
Debilitated (moderate phenotype)
AS 3 early shut off 1/2 11
AS 13 early shut off 1/2 11
AS 20 early shut off 1/2 11
Debilitated (strong phenotype)
AS 9 early shut off 2 11
AS 10 early shut off 2 11
AS 23 2 NAc 2
a Infection phenotypes were described in Kasschau and Carrington
b Phenotypes refer to relative HC-Pro protein, mRNA, transcription,
transient expression system (wild-type HC-Pro construct 5 1.0).
c NT, not tested. NA, not applicable.their effect on genome replication, long-distance move-
ment, and proteinase activity (Kasschau et al., 1997),
wild-type and mutant HC-Pro proteins. See Table 1 for description of silencing
f wild-type and selected mutant proteins.were transferred to the HC-Pro coding sequence in the
ants and Phenotypes
Phenotype in the transient expression systemb
tive protein
umulation
Relative RNA
accumulation
Relative
transcription
Relative silencing
suppression
1.00 1.00 1.00 1.00
0.24 0.66 NTc 0.97
1.22 1.33 0.93 1.00
1.30 0.91 0.97 0.97
0.14 0.19 NT 0.00
0.09 0.24 NT 0.31
1.16 0.26 0.99 0.63
0.014 0.17 1.04 0.0
0.010 0.26 1.24 0.0
0.017 0.22 0.91 0.0
11, Similar to wild-type; 1/2, partially defective; 2, no activity.
encing suppression levels measured in the Agrobacterium-mediatedABLE 1
S Mut
Rela
acc
(1997).
and silGUS 1 P1/HC-Pro dual expression cassettes. These
mutants were grouped into three different categories.FIG. 4. Immunoblot analysis of wild-type and AS mutant HC-Pro and GUS in the transient expression assay in nontransgenic plants. Total protein
xtracts were prepared from pools of four independently injected tissue samples. Extracts (100 mg) from two pools were analyzed for each injection
treatment, which are indicated above the top panel. Duplicate blots were analyzed with anti-HC-Pro (top) and anti-GUS (bottom) sera. (A) Full-length
phenotype (11, 6, 2). (B) Full-length HC-Pro and breakdown products
a
o
m
r
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75SILENCING SUPPRESSION BY HC-ProThe first group (AS 4, AS 8, and AS 24) had full proteolytic
activity and conferred TEV infection phenotypes similar
to wild-type HC-Pro (Table 1). That is, the viruses encod-
ing these HC-Pro variants were able to move long dis-
tances in plants and amplify at the single-cell level with
efficiencies comparable to parental virus. The second
group (AS 3, AS 13, and AS 20) had proteolytic activity,
but conferred infection phenotypes characterized by pre-
mature shut-off of genome amplification in infected cells
and a low level of virus accumulation (0.1–7.5% that of
wild-type virus) in upper, noninoculated tissue in plants.
Because of the low, but detectable, level of long-distance
movement of viruses containing these HC-Pro variants,
these were referred to as “moderate” debilitated mutants.
The final group either had (AS 9 and AS 10) or lacked (AS
23) proteolytic activity and conferred “strong” debilitated
effects during infection. The AS 9 and AS 10 mutant
viruses exhibited premature shut-off of genome amplifi-
cation and were completely unable to move long dis-
tances in plants, whereas the AS 23 mutant was com-
pletely nonviable.
Expression of GUS activity after injection of
Agrobacterium containing the dual constructs with
each P1/HC-Pro mutant was tested in nontransgenic
and GUS-silenced transgenic lines. The dual expres-
sion cassette constructs were tested with either the
single GUS construct or the dual construct encoding
wild-type P1/HC-Pro on the apposing half-leaf as a
control. In nontransgenic plants, GUS activity was de-
FIG. 5. RNA blot and nuclear run-on analysis of wild-type and AS muta
RNA extracts were prepared from independently injected tissue sam
nalyzed for each injection treatment, which are indicated above each
f RNA accumulation of the mutant RNAs in comparison to wild-type
RNAs were 248 nucleotides shorter than each of the other mRNAs bec
egion. (B) Nuclei were prepared from pools of tissue at 4 days pos
ybridization assays with filter-bound DNAs as indicated. The relativ
ild-type HC-Pro gene is shown below each blot. See Table 1 for destected after injection of all single or dual gene con-
structs (Fig. 3, columns A and B). In the silencedtransgenic plants, GUS activity was detected in all
leaves expressing the dual GUS 1 wild-type P1/HC-
Pro cassette (Fig. 3, column D). Similarly, GUS activity
was detected in nearly all leaves (n 5 26–36) of
silenced plants expressing the dual constructs encod-
ing mutants AS 4, AS 8, and AS 24 (Fig. 3, columns C
and D), indicating that each of these mutants was able
to suppress silencing. In transgenic plants injected
with the dual cassettes containing the moderate phe-
notype mutants (n 5 30–36), GUS activity was either
not detected (AS 3) or detected in 31% (AS 13) or 63%
(AS 20) of injected leaves (Fig. 3, columns C and D). In
transgenic plants injected with the dual constructs
containing each of the strong phenotype mutants (n 5
26–32), no GUS activity was detected in any leaves
(Fig. 3, columns C and D). The moderate and strong
phenotype HC-Pro mutants, therefore, were at least
partially defective in suppressing PTGS in the
Agrobacterium injection assay.
Effect of mutations on HC-Pro protein and RNA
accumulation
The debilitated PTGS suppression activity by the mod-
erate and strong phenotype P1/HC-Pro mutants could
have been due to a number of reasons. Besides the
possibility that the mutations in these constructs could
have had specific and direct effects on silencing sup-
pression activity, the mutant constructs may have en-
Pro in the transient expression assay in nontransgenic plants. (A) Total
4 days postinjection. RNA (5 mg) from two separate samples were
Blots were probed with radiolabeled HC-Pro DNA. The relative levels
RNA are indicated below each panel. The AS 20, AS 23, and AS 24
hey lacked the TEV P3 coding sequence adjacent to the HC-Pro coding
n. Radiolabeled transcription products were used as probes in blot
of transcription for each mutant HC-Pro gene in comparison to the
of silencing phenotype (11, 6, 2).nt HC-
ples at
panel.
HC-Pro
ause t
tinjectiocoded unstable proteins or the expression cassettes
might have been defective in some unforeseen way. To
f
D
76 KASSCHAU AND CARRINGTONdetermine the effects of the debilitating mutations on
protein and mRNA accumulation, and on transcription
activity in the Agrobacterium injection assay, immuno-
blot, RNA blot, and transcription assays were done.
Agrobacterium cultures containing empty vector, single
GUS, or each dual GUS 1 P1/HC-Pro constructs were
injected into nontransgenic leaves. To analyze HC-Pro
and GUS protein accumulation, total protein extracts
from two tissue pools, each consisting of four injection
foci, were prepared at 3 days p.i. and subjected to im-
munoblot analysis with anti-HC-Pro and anti-GUS sera.
Protein levels were quantitated by densitometry and
compared relative to the level of HC-Pro from tissue
expressing the wild-type P1/HC-Pro construct (wild-type
HC-Pro level 5 1.0). The different mutant HC-Pro proteins
accumulated to widely variable levels compared to wild-
type protein, although the two duplicate samples repre-
senting each protein were remarkably consistent in all
FIG. 6. Effects of proteinase domain active site and nonactive site
mutations on PTGS suppression activity of HC-Pro. Half-leaves of
nontransgenic or GUS-silenced transgenic plants were injected with
Agrobacterium cultures containing plasmids with either a single GUS
gene, dual GUS 1 wild-type (wt) HC-Pro gene, or dual GUS 1 protein-
ase mutant (prot. mut.) HC-Pro gene. Leaves were harvested at 4 days
postinjection and infiltrated with the GUS histochemical substrate. The
number of GUS-positive reactions/total number of injections for each
combination is shown next to each half-leaf.cases (Fig. 4A). Two of the three mutant HC-Pro proteins
(AS 8 and AS 24) that conferred phenotypes similar to
(
6wild-type HC-Pro accumulated to levels comparable to
wild-type protein (Fig. 4A, lanes 4, 5, 8–11), while the third
mutant (AS 4) in this category accumulated to a relative
level of 0.24 (lanes 6 and 7). Two of the three moderate
phenotype HC-Pro mutants, AS 3 and AS 13, accumu-
lated to relative levels of 0.14 and 0.09, respectively, but
the AS 20 mutant accumulated to levels similar to wild-
type protein (Fig. 4A, lanes 12–17). In contrast, each of
the three strong phenotype HC-Pro mutants (AS 9, AS 10,
and AS 23) accumulated to relative levels of only 0.01 to
0.017 (Fig. 4A, lanes 18–23). Compared to the variable
HC-Pro accumulation levels using different constructs,
the relative levels of GUS protein was fairly uniform in
tissue injected with the single GUS construct (Fig. 4A,
lanes 2 and 3), the dual construct containing the wild-
type HC-Pro sequence (lanes 4 and 5), and each of the
dual constructs with the mutant HC-Pro sequences
(lanes 6–23).
The HC-Pro AS 20 mutant protein accumulated to a
level equivalent to that of wild-type HC-Pro. However,
extracts from tissue expressing the AS 20 protein
lacked an HC-Pro-derived breakdown product (Fig.
4B). This breakdown product was associated with ex-
pression of wild-type HC-Pro, as well as each of the
mutant proteins that accumulated to wild-type levels
(Fig. 4B). The HC-Pro mutant proteins that accumu-
lated to very low levels (AS 9, AS 10, and AS 23) lacked
both full-length protein and breakdown products (data
not shown).
To determine whether the differences in accumulation
levels of the wild-type and mutant HC-Pro was due to
differences in mRNA accumulation levels, RNA blots
using a radiolabeled HC-Pro sequence as a probe were
done using normalized RNA extracts. Each of the mRNAs
encoding HC-Pro mutants that had phenotypes similar to
wild-type (AS 8, AS 4, and AS 24) accumulated to relative
levels of between 0.66 and 1.33 (Fig. 5A). In contrast,
each of the mRNAs encoding HC-Pro mutants that ex-
FIG. 7. Immunoblot analysis of wild-type and mutant HC-Pro and
GUS in the transient expression assay in nontransgenic plants. Total
protein extracts were prepared from pools of four independently in-
jected tissue samples. Extracts (100 mg) from two pools were analyzed
or each injection treatment, which are indicated above the top panel.
uplicate blots were analyzed with anti-HC-Pro (top) and anti-GUS
bottom) sera. See Table 1 for description of silencing phenotype (11,
, 2).
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77SILENCING SUPPRESSION BY HC-Prohibited the moderate (AS 3, AS 13, and AS 20) or strong
(AS 9, AS 10, and AS 23) debilitated phenotype accumu-
lated to relative levels of between 0.19 and 0.26 (Fig. 5A).
With one exception (AS 20), there was a general corre-
lation between the low HC-Pro levels and low mRNA
levels (compare Figs. 4 and 5A). The exception was AS
20, for which the relative protein level was similar to the
wild-type HC-Pro but mRNA accumulated to a relative
level of only 0.26.
To determine whether the differing levels of mRNA
accumulation were due to transcriptional or posttran-
scriptional effects, assays were done to analyze tran-
scription levels in isolated nuclei from tissues injected
with a representative series of dual constructs. The
constructs tested included two that conferred pheno-
types similar to wild-type (AS 8 and AS 24), one that
conferred a moderate debilitated phenotype (AS 20),
and the three that conferred the strong debilitated
phenotype (AS 9, AS 10, and AS 23). The transcription
reactions were done at 4 days p.i., and radiolabeled
products were used as probes in DNA blot experi-
ments. The membranes contained plasmid DNA con-
taining the coding sequences for HC-Pro, GUS, ubiq-
uitin, and empty vector. Transcription levels of the
HC-Pro and GUS genes were calculated after measur-
ing radioactivity bound to the filter and normalization
to the level of radioactivity bound to the ubiquitin
sequence. Relative transcription levels for each mu-
tant were then calculated based on comparison to the
transcription level of the wild-type HC-Pro gene. The
relative levels of transcription of each mutant HC-Pro
gene was between 0.93 and 1.24 (Fig. 5B and data not
shown), indicating that each wild-type and mutant con-
struct tested was transcribed with comparable effi-
T
Summary of HC-Pro Prote
HC-Pro
TEV infection phenotypea
Genome amplif. LD moveme
wt 11 11
ctive site mutants
C649S 2 NAc
H722S 2 NA
onactive site mutants
S610T 11 11
C694S 11 11
D715E 11 11
a Infection phenotypes were described in Kasschau and Carrington
b Phenotypes refer to relative HC-Pro protein, mRNA, transcription,
transient expression system (wild-type HC-Pro construct 5 1.0).
c NA, not applicable. TEV strains containing the active site mutationciency. Similarly, each of the GUS sequences in the
dual constructs was transcribed with approximatelyequal efficiency (Fig. 5B and data not shown). These
data strongly suggest that the low levels of accumu-
lation of the debilitated mutant mRNAs are due to
PTGS, rather than transcription defects, of the injected
constructs.
Effects of HC-Pro proteinase mutations on silencing
suppression
The Agrobacterium-mediated transient expression
system was used to determine whether HC-Pro protein-
ase activity is required for suppression of PTGS. Five
point mutations were introduced into the coding se-
quence for the proteinase domain of HC-Pro in the GUS
1 P1/HC-Pro dual expression vector (Fig. 1A and Table
2). Two mutations (C649S and H722S) affected active site
residues, eliminated proteinase activity, and resulted in a
nonviable virus (Kasschau and Carrington, 1995). The
other mutations (S610T, C694S, and D715E) affected res-
idues that are conserved among heterologous potyvi-
ruses but that do not affect proteolytic activity (Kasschau
and Carrington, 1995). In nontransgenic plants, GUS ac-
tivity was detected in all half-leaves injected with the
single GUS construct alone (Fig. 6, column A), the dual
construct encoding wild-type P1/HC-Pro (column B), and
the dual constructs encoding P1/HC-Pro with the pro-
teinase domain substitutions (columns A and B). Immu-
noblot analysis of extracts from tissue expressing the
single GUS construct and each of the dual constructs
revealed that GUS protein accumulated to similar lev-
els in all samples (Fig. 7). Immunoblot analysis with
anti-HC-Pro serum revealed that each of the mutant
HC-Pro derivatives accumulated to relative levels of
between 0.67 and 0.79, with the exception of the S610T
Mutants and Phenotypes
Proteinase
activity
Phenotype in transient systemb
Relative protein
accumulation
Relative silencing
suppression
11 1.00 1.00
2 0.67 0.94
2 0.72 1.00
11 0.25 0.94
11 0.79 1.00
11 0.75 1.00
11, Similar to wild-type; 2, no activity.
encing suppression levels measured in the Agrobacterium-mediated
onviable.ABLE 2
inase
nt
(1997).
and silmutant protein, which accumulated to a relative level
of 0.25 (Fig. 7).
78 KASSCHAU AND CARRINGTONIn the GUS-silenced transgenic plants, no GUS activity
was detected after injection of the single GUS construct
(Fig. 6, column C). However, GUS activity was detected
after injection of the dual cassettes encoding wild-type
P1/HC-Pro and each of the proteinase domain mutant
proteins, including those lacking proteolytic activity (Fig.
6, columns C and D). These results indicate that the
proteolytic activity of HC-Pro, while essential for viral
genome amplification, is not required for silencing sup-
pression activity.
DISCUSSION
A transient assay was used to genetically analyze the
function of TEV HC-Pro in suppression of PTGS. Com-
pared to previous methods that depended on introduc-
tion of HC-Pro into plants via a stable transgene (Kass-
chau and Carrington, 1998), the transient assay was
rapid. Because the assay does not depend on delivery of
HC-Pro with a virus, it is free from potential complica-
tions induced by a virus infection or by additional sup-
pressors that a virus or virus vector might encode (Voin-
net et al., 1999). Using a series of alanine-scanning and
site-directed mutants in the transient suppression assay,
the relationships between silencing suppression, long-
distance movement, genome replication, and proteolytic
functions of HC-Pro were investigated.
Several classes of HC-Pro mutants that were charac-
terized previously for effects on long-distance movement
of TEV, genome replication, and autoproteolytic process-
ing were tested in the PTGS suppression assay. Three
alanine-scanning mutants (AS 4, AS 8, AS 24) that were
indistinguishable from wild-type HC-Pro in long-distance
movement, genome replication, and proteolytic functions
were also similar to wild-type HC-Pro in PTGS suppres-
sion. However, each of six alanine-scanning mutants (AS
3, AS 9, AS 10, AS 13, AS 20, and AS 23) that caused
long-distance movement and replication-maintenance
defects were partially or completely defective in silenc-
ing suppression. The “strong phenotype” mutants (AS 9,
AS 10, and AS 23), which had the most severe effects on
movement and replication, had no apparent silencing
suppression activity. In contrast, two of the “moderate
phenotype” mutants (AS 13 and AS 20), which were
defined as those that facilitated a low level of long-
distance movement, exhibited partial silencing suppres-
sion activity. The other moderate phenotype mutant,
AS 3, had no detectable silencing suppression activity.
There was, therefore, a reasonable correlation between
viral long-distance movement and replication mainte-
nance functions and silencing suppression activity.
Furthermore, all of the transgene mRNAs that encoded
the moderate or strong phenotype HC-Pro mutants ac-
cumulated to relatively low levels after Agrobacterium
injection. However, transcription was unaffected in each
of the HC-Pro debilitated mutants tested. This suggestsstrongly that the mRNAs for the debilitated mutants were
themselves particularly sensitive to posttranscriptional
silencing relative to the mRNAs encoding the fully func-
tional HC-Pro variants. Additionally, most of the moderate
or strong phenotype mutant proteins accumulated to
very low or depressed levels compared to most of the
fully functional HC-Pro proteins. These data are inter-
preted to mean that the wild-type and mutant HC-Pro
variants that facilitated full long-distance movement and
replication maintenance functions are capable of sup-
pressing silencing of their own mRNAs after expression
in the transient assay, whereas the debilitated variants
are highly susceptible to silencing after expression.
The one exception to the general correlation between
debilitated silencing suppression activity and low protein
accumulation in the transient assay was the AS 20 mu-
tant protein. This HC-Pro variant exhibited a partial loss
of silencing suppression, low steady-state mRNA accu-
mulation levels, but wild-type levels of protein accumu-
lation after Agrobacterium-mediated expression. These
apparently conflicting observations may be explained by
increased stability of the AS 20 protein. Wild-type HC-Pro
is highly sensitive to internal proteolytic degradation,
resulting in accumulation of a cleavage product that can
be seen in immunoblot assays (Fig. 4B). Internal cleav-
age product, however, was not detected in extracts from
tissue expressing the AS 20 mutant protein, suggesting
that the mutant protein might possess enhanced stability.
As a result, AS 20 mutant protein that was synthesized
early after Agrobacterium injection may have been sta-
ble, even after silencing was triggered against the
mRNA, resulting in the high steady-state protein levels
that were detected in the immunoblot assay.
Mutations that inactivated the HC-Pro proteolytic ac-
tivity had no effect on suppression of silencing. In fact,
proteolytically defective HC-Pro derivatives containing
substitutions at active site positions C649 and H722
were indistinguishable from wild-type HC-Pro in the tran-
sient assay. It seems reasonable to conclude that the
silencing suppression function of HC-Pro does not de-
pend on the proteolytic activity per se. We can eliminate,
therefore, the possibility that HC-Pro suppresses silenc-
ing by catalyzing cleavage of an essential PTGS compo-
nent. Despite the lack of requirement of proteolytic func-
tion for silencing suppression activity, the proteinase
domain itself may still be essential for suppressor func-
tion. The AS 23 mutant affects the proteinase domain
and lacks autoproteolytic activity. It also has no detect-
able silencing suppressor activity. This suggests that the
proteinase structural domain of HC-Pro either directly
participates in silencing suppressor function or indirectly
has a significant effect on suppressor activity through
interaction with the central domain. The proteinase do-
main likely assumes a fold similar to that of cysteine-type
cellular proteinases (Oh and Carrington, 1989). How the
central domain, in which most of the moderate and
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79SILENCING SUPPRESSION BY HC-Prostrong phenotype substitutions reside, folds is not yet
known, although the central domain likely forms a struc-
turally distinct domain based on the effects of deletions
on the HC-Pro autoproteolytic activity (Carrington et al.,
1989a,b). How the proteolytic and central domains might
interact, therefore, is equally unclear.
The finding that long-distance movement and replica-
tion maintenance functions of HC-Pro correlate with si-
lencing suppressor function provides experimental sup-
port for the idea that systemic infection and sustained
amplification of TEV in infected plants requires debilita-
tion of the antiviral silencing defense response. Several
plant viral silencing suppressors have also been shown
to be necessary for efficient long-distance movement in
plants (Voinnet et al., 1999). In the case of tombusvirus
19 silencing suppressor, stimulation of long-distance
ovement is host-dependent, suggesting that suppres-
ion of silencing may govern host specificity in some
ases (Scholthof et al., 1995). Several viral suppressors
re known to affect systemic signaling of silencing
Beclin et al., 1998; Brigneti et al., 1998; Voinnet et al.,
000). Whether or not HC-Pro enables long-distance
ovement because it prevents signaling of silencing in
ystemic tissue remains to be determined.
MATERIALS AND METHODS
lones, plasmids, mutants, and plants
All plant expression vectors were constructed using
he base vector pRTL2 (Restrepo et al., 1990). This vector
ontains a 35S promoter, the TEV 59 nontranslated re-
ion, a multiple cloning site, and the 35S terminator. The
lasmid pRTL2-GUS contained the coding sequence for
he reporter protein b-glucuronidase (Restrepo et al.,
990). The plasmids pRTL2-0027 and pRTL2-0027S con-
ained the coding sequence for the first 2681 nucleotides
nd 2433 nucleotides, respectively, of the TEV genome
Carrington et al., 1990; Kasschau and Carrington, 1995).
he first 2681 nucleotides code for a polyprotein consist-
ng of P1, HC-Pro, and the first 10 kDa of P3. The first
433 nucleotides code for a polyprotein containing P1
nd HC-Pro only. A stop codon was engineered imme-
iately after the last codon for HC-Pro in pRTL2-0027S.
RTL2-0027 and pRTL2-0027S both encode a polyprotein
hat undergoes autoproteolytic processing to yield ma-
ure P1 and HC-Pro proteins. The functional properties of
ach construct in suppression of PTGS are identical
data not shown).
Nine alanine-scanning (AS) mutations, and five point
utations, were introduced into either pRTL2-0027 or
RTL2-0027S. Each of the AS mutations that affected
C-Pro to the N-terminal side of the proteinase domain
ere introduced into pRTL2-0027. These included AS 3
D430, R431, K432 each changed to an alanine codon),
S 4 (E458, E459), AS 8 (D539, K540), AS 9 (R544, K545,
546), AS 10 (R551, K552), and AS 13 (E603, D604) (Kass-hau et al., 1997). Each of the AS mutations that affected
C-Pro within the proteinase domain, which included AS
0 (E664, D665), AS 23 (D715, H716), and AS 24 (D717,
719), as well as each of the five independent point
utations (S610T, C649S, C694S, D715E, and H722S),
ere introduced into pRTL2-0027S. Three types of binary
ectors (empty vector control, single GUS, and dual GUS
P1/HC-Pro) were used. The control vector plasmid
as pSLJ755I5 (Jones et al., 1992). The single GUS plas-
id, termed pSLJ-GUS, consisted of pSLJ755I5 with the
xpression cassette from pRTL2-GUS. The dual GUS 1
1/HC-Pro plasmids contained the expression cassette
rom either wild-type or mutagenized pRTL2-0027 or
RTL2-0027S inserted into pSLJ-GUS adjacent to the
US expression cassette. Each of the pSLJ755I5-based
lasmids were introduced into the Agrobacterium tume-
aciens strain GV2260 by triparental mating.
Nontransgenic Nicotiana tabacum (line 13) and GUS-
ilenced transgenic N. tabacum (line 7) plants were char-
cterized previously (Kasschau and Carrington, 1998;
lave et al., 2000). All experiments to examine suppres-
ion of PTGS were done using these two lines.
ransient silencing suppression assay
Single colonies of Agrobacterium containing empty
SLJ755I5 vector, pSLJ-GUS, or the dual GUS 1 P1/HC-
ro plasmids were grown and prepared for injection into
eaves as described (Llave et al., 2000). Opposing half-
eaves of either nontransgenic (line 13) or GUS-silenced
line 7) plants were injected with combinations of cul-
ures. At various times postinjection, the leaves were
arvested, infiltrated with the colorimetric GUS sub-
trate, 5-bromo-4-chloro-3-indolyl b-D-glucuronide, incu-
ated at room temperature overnight, and cleared with
0% ethanol as described (Llave et al., 2000). Leaves
ere scored for the presence or absence of a color
eaction in the infiltration zones. Digital images were
ollected using a Nikon Coolpix 950 camera and pro-
essed electronically using Abobe Photoshop.
mmunoblot assays
Leaves of nontransgenic N. tabacum were injected
ith a single Agrobacterium culture containing the dual
xpression cassettes, and injection foci were collected
t 3 days p.i. Pools of four injection foci were ground in
iquid nitrogen and resuspended in 5 vol lysis buffer (40
M sodium phosphate, pH 7.0, 10 mM EDTA, 0.1% Triton
-100, 0.1% N-lauryl sarcosine, 10 mM b-mercaptoetha-
ol) containing proteinase inhibitors (0.5 mM PMSF, 1
mg/ml aprotinin, 1mg/ml leupeptin). Protein samples (100
mg) were analyzed by immunoblot assay after SDS–
PAGE using anti-HC-Pro and anti-GUS sera. Immunore-
actions were detected using a chemiluminescent sys-
tem. Relative protein accumulation for each of the HC-
Pro mutant proteins was determined by densitometry
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80 KASSCHAU AND CARRINGTONusing a series of four different exposures of the immu-
noblot to X-ray film. The intensity of each immunoreactive
HC-Pro band was quantitated on each of the exposures
using the Stratagene Eagle Eye II system. Band intensi-
ties were calculated only using exposures within the
exposure-density linear range. The mean of two replicate
samples for all mutants was calculated. Relative protein
accumulation for each of the mutant protein was deter-
mined in comparison to wild-type HC-Pro.
RNA blot assays
Leaves of N. tabacum were injected with a single
grobacterium culture containing the dual expression
assettes, and injection foci were harvested at 4 days p.i.
otal RNA was isolated from 0.1 g of tissue using the
iagen RNAeasy kit. RNA samples were subjected to gel
lectrophoresis and blot transfer as described (Kass-
hau and Carrington, 1998; Llave et al., 2000). A restric-
ion fragment containing the HC-Pro coding sequence
as random prime-labeled using [32P]dATP. Prehybrid-
zation, hybridization, and washing was done as de-
cribed (Kasschau and Carrington, 1998). The blots were
xposed to X-ray, and the bound radioactivity was mea-
ured using a phosphorimager. Relative levels of mutant
1/HC-Pro mRNA accumulation were calculated in com-
arison to the wild-type P1/HC-Pro mRNA accumulation.
uclear run-on assays
Leaves of nontransgenic N. tabacum were injected
ith a single Agrobacterium culture containing the dual
xpression cassettes, and injection foci were collected
t 4 days p.i. Nuclei were isolated and in vitro transcrip-
ion reactions were done as described (Kasschau and
arrington, 1998). The level of radioactivity in transcrip-
ion products from each reaction was measured, and
NA containing equal amounts of radioactivity was used
s probe in slot blot assays. The blots contained dena-
ured plasmid DNA (5 mg) containing the P1/HC-Pro
equence (pRTL2–0027), the GUS sequence (pRT-GUS),
he ubiquitin sequence from snapdragon (a gift from C. A.
yan, Washington State University), and an empty plas-
id vector (pBluescript). Prehybridization, hybridization,
nd washing was done as described (Kasschau and
arrington, 1998). The blots were exposed to X-ray film,
nd hybridization intensities were measured using a
hosphorimager. Transcription levels of the wild-type
nd mutant P1/HC-Pro genes were calculated by stan-
ardizing against the ubiquitin transcription levels from
he same reactions.
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